Edible bird's nest (EBN; Yan Wo), or cubilose, is originated from the salivary secretion of Aerodramus fuciphagus. In Asia, EBN is famous for its unproven skin lightening function. Here, we aim to reveal the active ingredients of EBN responsible for skin lightening function. Three major fractions were isolated from EBN water extract by chromatography using LC-MS/MS, bioactivities of these isolated fractions were analyzed by assays of tyrosinase, melanocytes and 3D human skin model, from which, N-acetylneuraminic acid (NANA), the second isolated fraction showed an inhibition effect on tyrosinase activity in a dose-dependent manner. The IC50 of tyrosinase originated from mushroom and human was 16.93 mM and 0.10 mM respectively. Furthermore, only EBN with higher content of NANA (e.g. White and Red EBN), but not EBN with less NANA (e.g. Grass EBN), showed promising skin lightening function. This is the first report to reveal NANA being an active ingredient of EBN on skin lightening function.
Introduction
Edible bird's nest (EBN; Yan Wo), or named cubilose, is made of the salivary secretion of specific swiftlets (e.g. Aerodramus fuciphagus). EBN is an ingredient of an ancient Chinese delicacy-the EBN soup, which has been consumed for several hundred years in Asia according to the historical record. Until now, EBN is still a popular luxurious food supplement for women in the oriental population. However, the biological functions of EBN are still unclear.
There are two major problems in studying the biological functions of EBN. Firstly, the progress of mechanistic study is largely hindered by our insufficient knowledge on the bioactive ingredients of EBN. EBN consists of 40% -60% of protein, 9% of sialic acid and trace amount of fat and minerals [1] . However, those chemical parameters are too superficial to unveil the biological functions of EBN. Secondly, there is a large variety of EBN on the market, and there is no standardized EBN for biological determinations (e.g. skincare functions). Even worse, most of the current authentication methods of EBN, including microscopic [2] , proteomics [3] and genomics [4] approaches, all fail to differentiate different grades of EBN [5] .
The free form of N-acetylneuraminic acid (NANA) could serve as a quantitative marker to grade different EBNs [6] [7] . The abundant of which increases in line with higher prices of EBN. Furthermore, NANA is known to have biological activities. NANA was proposed to be a major component for anti-influenza function of EBN [8] [9] . Moreover, NANA has proliferation effect on Caco-2 cells [10] . However, the biological functions of NANA on skin functions are unknown. Furthermore, skincare-related bioactive compounds other than protein and NANA might also be found in EBN. Thus, a full scanning of total ion chromatography was performed by LC-MS/MS, and the performances on skincare functions by different fractions were analyzed.
Materials and Methods

Material
NANA was purchased from Sigma-Aldrich (St. Louis, MO) as standard solution. Volume were measured accurately from the stock, diluted with fresh Milli-Q to produce a series of solution standards (1, 2, 5, 10, 15, 20 µM). Tyrosinase from mushroom (≥1000 U/mg) and recombinant human tyrosinase (Activity ≥ 95%) were purchased from Sigma-Aldrich. L-3, 4-dihydroxyphenyl-alanine (L-DOPA), vitamin C and tert-Butylhydroquinone (tBHQ) and alpha melanocyte stimulating hormone (α-MSH) were purchased from Sigma-Aldrich. All EBN samples and its adulterants were purchased in the market of Hong Kong.
Sample Preparation
For LC-MS/MS analysis, EBN samples were ground into powder (approximately 1 -3 mm) and mixed thoroughly. Ten mg of each was weighed and extracted by 1 mL of fresh Milli-Q water under sonication for 10 min. Followed by centrifugation at 14,000 rpm for 5 min, the supernatants were filtered, and the filtrates were collected for LC-MS/MS analysis. For bioassay, one g of EBN sample, or its adulterants, was individually soaked in 100 folds of water for overnight at room temperature. The mixture was then stewed at 80˚C for 6 -9 hours until completely molten and then left to cool down to room temperature. This method of preparation is a common cooking method for the consumers, as well as a high protein extraction efficiency [11] . The extracts were kept at 4˚C until further usage.
HPLC-MS/MS System
The liquid chromatograph was equipped with an Agilent 6410 Triple Quad MS/MS and a (2.1 × 100 mm) Eclipse XDB-C18 column (3.5 µm particle size). The injection volume was 2 µL. A 5-min linear gradient at flow rates of 0.4 mL/min between solvent A (Milli-Q water, 0.1% formic acid) and solvent B (Acetonitrile, 0.1% formic acid) was used. After reaching 80% B, the system returned to 100% A in 0.5 min. For column equilibration, a total cycle time of 10 min was needed. The MS was operated in negative electron spray ionization mode. A capillary voltage of 3.5 kV and a cone voltage of 10 V were applied. Source temperature was 100˚C, and desolvation temperature was 325˚C. Ultra-high purity nitrogen was used for cone gas (3.0 L/min), desolvation gas (10.0 L/min) and nebulising gas (35 psi). For collision induced dissociation (CID) a collision energy of 5 eV was used. Spectra from m/z 50 to m/z 1000 were recorded.
Quantification of NANA and Citric Acid
In calibration of NANA in EBN, a 5-point calibration curve having concentrations of 1, 2, 5, 10 and 20 µM was made. All calibrators were prepared in fresh Milli-Q water. Triplicate results were taken for each sample. Reten 
Tyrosinase Assay
The enzyme activities of mushroom and human tyrosinase were monitored by dopachrome formation at 492 nm through the oxidation of substrate (L-DOPA). The reaction medium (200 µL) contained 0.5 mM L-DOPA in 50 mM sodium phosphate buffer (pH 6.8) and (pH 7.4). Five mM of vitamin C was used as an inhibitor control. The final concentration of mushroom tyrosinase was 0.2 mg/mL. In this method, 0.1 mL of different concentrations of effectors, including EBN extracts, adulterants of EBN and NANA, were added to the reaction medium. The reaction mixtures were loaded on a 96-well plate, and the formation of dopachrome was measured in optical density at 492 nm after 20 min of incubation under dark at room temperature. Absorption was recorded using micro-plate spectrophotometer.
Melanogenesis Assay on Human and Mouse Melanocytes
B16 cells (CRL-6323™; American Type Culture Collection (ATCC), Manassas, VA) and A375 cells (CRL-1619™, ATCC) were purchased from ATCC and cultured according to the recommendations provided. B16 and A375 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine albumin and Penicillin-Streptomycin (100 U/mL). Cells were sub-cultured every alternate day.
For melanogenesis assay, two hundred thousands of B16 cells and A375 cells were seeded onto each well of 6-well culture plates and incubated for 2 days, or 4 days, with or without the extracts of EBN, respectively. Five mM of vitamin C, 50 µM of tBHQ and 2% kojic acid served as positive controls. For A375 cells, α-MSH was added on day 2 as to stimulate the formation of melanin. To extract melanin from cells, the samples were dissolved in 100 mL of 1 M NaOH after washing twice with PBS. Samples were incubated at 60˚C for 1 hour and mixed to solubilize the melanin. The optical density of mixed solution was detected at 405 nm, and the absorbance was converted to melanin concentration by a standard curve.
3D Human Skin Model Assay
Twenty-four 3D human skin model constructed with keratinocytes and melanocytes in a ratio of originated from Asian skin tissue were purchased from MatTek Corporation (Lot # 21822). The model was specific for melanogenesis study (MelanoDerm TM Part # MEL-300-A). All procedures for macroscopic and microscopic analysis followed the instructions provided by the manufacturer. In brief, the testing samples (20 mM NANA and 1 mg/mL EBN extract) and positive control (2% of kojic acid) were applied either to the inner chambers of trans-well (keratinocyte side) or culture medium directly (melanocyte side). Culture medium having same concentration of tested chemicals was replaced every 2 -3 days. The inner chamber was rinsed twice with phosphate buffer provided by the manufacturer and replaced with fresh testing samples and positive control. Macroscopic and microscopic images were captured on day 18. Macroscopic images were captured by top view microscope (keratinocyte side), while microscopic images were captured by inverted microscope under 100× magnification (melanocyte side).
Protein Assay and Statistical Tests
The concentration of protein was determined following the instructions of Bradford's method with a kit from Bio-Rad Laboratories. The analysis was done on a 96-well microtiter plate. In brief, one part dye reagent concentrate was diluted with 4 parts of double distilled water before use. Six dilutions of BSA standard (0.05 -0.5 mg/mL) were used for the test: Ten µL of each standard, or a sample solution, were added with 0.2 mL of diluted dye reagent into separate wells and mixed well. After 10 min incubation at room temperature, absorbance at 595 nm was taken. The concentration of protein was determined from the standard curve. Statistical tests were done by using student t test provided in GraphPad Prism 5. 
Results and Discussion
Fractionation of EBN by LC-MS/MS
EBNs are graded and priced according to their color, i.e. Red > White > Grass. These EBNs were collected from local market, and which were subjected to LC-MS/MS analysis. Three major fractions (named peak 1, 2 and 3) from EBN water extracts were notified and appeared at different retention time after the separation using the full scanning mode of LC-MS/MS chromatography (Figure 1(a) ). Interestingly, the full scans of total ion chromatogram of different grades of EBN showed differentiable patterns. The full scan of Grass EBN showed a strong peak 1 and a barely recognizable peak 2. The full scan of White EBN showed both notable peaks 1 and 2. While the full scan of Red EBN showed all three distinguishable 3 peaks. After the analysis with molecular weight using MRM mode quantitation and the chemical standards, the identities of peak 2 and peak 3 were confirmed as NANA and citric acid, respectively (Figure 1(b) ). Peak 1 consisted of compounds with different sizes, and the pattern of mass spectrum was similar to those spectrums of collagen-like proteins (data not shown). Having the identities of NANA and citric acid, the amounts of them in different grades of EBN were quantified by the established MS system. The contents of protein, free NANA and citric acid for different grades of EBN were summarized ( Supplementary Table) . The protein contents for different types of EBNs were rather similar; however, the contents of NANA and citric acid were significantly higher in Red EBN and lower in Grass EBN. Citric acid was not detected in Grass EBN.
For safety reason, EBN needs to be proper processed before the consumption by human [11] . As NANA and citric acid are the most abundant soluble chemicals and therefore considered to be the targeted inhibitors. Here, we aimed to reveal the amount of NANA and citric acid in EBN after standard processing procedures. Different sample preparation procedures were applied onto EBN preparation to mimic the standard cooking processes. The content of free NANA increased during the cooking processes, and an increase of ~4 folds after stewing in different types of EBN (Supplementary Figure 1(a) ). The increase could be an outcome of the release of conjugated NANA as the free form after extensive cooking. In contrast, the content of citric acid dropped by 90% after the processing (Supplementary Figure 1(b) ), suggesting the free salt form of citric acid within EBN. Thus, the cooking EBN could result in different amounts of NANA and citric acid.
Skin Lightening Effect of EBN
Tyrosinase inhibition assay is a commonly used method in screening skin lightening agents [12] - [15] . The activity of tyrosinase (mushroom) was calculated on the formation of dopachrome from L-DOPA against time: the concentration of dopachrome was obtained by absorbance at 492 nm (Figure 2(a) ). The inhibition of mushroom tyrosinase was determined in different EBN water extracts. Vitamin C was used as a positive control. White and Red EBNs inhibited the activity of tyrosinase by about 50% (Figure 2(b) ). In contrast, Grass EBN reduced the tyrosinase activity of only ~10%. No inhibitory functions on tyrosinase for all common EBN adulterants, e.g. agar, fungi and pig skin. In order to search for ingredient corresponding for tyrosinase inhibition, the proteindepleted fraction of EBN water extract was tested. In different types of EBN, the inhibiting activity was enriched in the protein-depleted fraction (Figure 2(c) ), which suggested the role of water soluble small chemicals in such function. 
NANA Shows Skin Lightening
The skin lightening effect by NANA becomes the focus of study here. Having tyrosinase assay, NANA inhibited both mushroom and human tyrosinases in a dose-dependent manner (Figure 3(a) ). The IC 50 of NANA on mushroom tyrosinase and human tyrosinase was 16.93 mM, and 0.10 mM, respectively (Figure 3(a) ). The original Km for mushroom and human tyrosinase on L-DOPA were 1.491 mM and 0.545 mM, respectively; and Vmax were 0.394 µM/min and 0.308 µM/min, respectively. Observed from Lineweaver-Burk plot, the values of Km and Vmax of tyrosinase were altered in the presence of NANA: the changes were in a dose-dependent manner (Figure 3(b) ). By adding 10 mM NANA to the mushroom enzyme, the Km increased from 1.491 to 1.818 mM, while the Vmax decreased from 0.394 to 0.287 µM/min. In human tyrosinase, the effect of NANA did not change the Km value, while the Vmax decreased from 0.308 to 0.006 µM/min (Figure 3(c) ). Referring to the Lineweaver-Burk plot, the inhibition mechanism of NANA on mushroom tyrosinase was classified as mixed type I inhibition, whilst the inhibition mechanism of NANA on human tyrosinase was classified as non-competitive inhibition. Enzymatic parameters of other known tyrosinase inhibitors were compared ( Table 1) . The enzymatic parameters of inhibition by NANA were comparable to those existing known inhibitors.
In cultured B16 mouse melanoma cells, the color of culture medium was turned into dark brown after 48 hours of culture (Figure 4(a) ). This phenomenon was due to formation and release of melanin-rich melanosome from B16 melanoma [16] . For A375 human melanoma, after stimulated by α-MSH, culture medium was also turned into dark brown after 48 hours of culture (Figure 4(c) ) Vitamin C, tBHQ and 2% kojic acid, served as positive control, successfully abolished the formation of melanin, and hence the medium color remained unchanged, i.e. inhibition of melanin formation (Figure 4(a) and Figure 4(c) ). The melanin concentration extracted from the treated B16 mouse melanoma and A375 human melanoma also agreed with these observations. The melanin concentration of cultured B16 and A375 were significantly lower than the blank control after incubation with NANA and White or Red EBN extract; however, the abolishing effect was not found by the extract of Grass EBN (Figure 4(b) and Figure 4(d) ).
In 3D human skin model, treatment of 2% kojic acid successfully lightened the apparent intensity of skin color ( Figure 5(a) ) and reduced the density of melanocytes (Figure 5(b) ). Similar inhibitory results were obtained by NANA and the extract of White EBN (Figure 5(a), Figure 5(b) ). No significant differences in inhibition effects between treatments on the sides of keratinocyte and melanocyte. Thus, kojic acid, NANA and EBN extracts were all suggested to be permeable through the 3D human skin model (Figure 5(a), Figure 5(b) ).
Conclusions
EBN has been consumed for several hundred years in China and other Southeast Asian countries. In the descriptions of ancient Chinese literatures, EBN was often used to treat respiratory disorder. The most famous record about EBN usage, as the form of "bird's nest congee", can be found in "Dream of the Red Chamber", or called that as "The Story of the Stone", a masterpiece of Chinese literature written in 18 th century and is generally acknowledged to be the pinnacle of Chinese fiction. Until now, EBN is a popular food supplement for skin lightening. The trend of EBN consumption is growing [17] but stopped by the safety incident of nitrite in 2011 [11] . Although EBN has a long historical consumption record and strong belief in its skincare functions by the general public in Asia is reported, no scientific evidence has shown any relationship between EBN and skin healthiness. Here, we demonstrated the skin lightening functions of different types of EBN. On top of this, we discovered that NANA was the major ingredient of EBN responsible for the skincare functions after systematic fractionation by LC-MS/MS.
From our previous finding, the content of free NANA varied with the grading of EBN [6] . Coincidently, EBN with higher grade showed stronger skin lightening. NANA should be one of the major compounds responsible for the skin lightening function of EBN. However, NANA should not be the only compound within EBN, which is responsible for skin lightening function. The IC 50 of NANA on human tyrosinase inhibition is 0.10 mM which is coherent to our previous study on over a hundred batches of EBNs. The maximum content of free NANA was around 1000 ppm (i.e. about 3 mM). Certainly, the inhibition of EBN on tyrosinase activity may also involve the The inhibitory mechanism of different inhibitors on tyrosinase was deducted by Lineweaver-Burk plot and calculated by GraphPad 5.0. Melanin concentrations were converted from the absorbance of 405 nm using melanin standard curve. The content of melanin were presented as Mean ± SD (n = 3). One-way ANOVA was performed on the data set by GraphPad 5.0. Statistical significant differences were indicated. ***P < 0.001 versus reference group. conjugated form of NANA, and/or there are other active ingredients within EBN that perform skin lightening function synergistically with NANA.
NANA was reported to play functional roles in physiological developments in human. NANA is usually the terminal residue of cellular glycocalyx and plays important role for cellular recognition. Moreover, NANA is a major component for brain development. Disorder of NANA regulation results in retardation of brain development [18] [19] . Furthermore, NANA was reported for its functions in anti-viral [8] , transformation of lymphocyte [20] , growth of CaCo-2 cells [10] , development of human adipose-derived stem cells [21] and proliferation of corneal keratinocytes [22] . However, no report had been found on the skincare function of NANA. In the past several years, 2% hydroquinone was accepted as a golden standard for skin lightening [23] . However, the drug was banned by FDA in 2006 because of its potential carcinogenicity. A derivative of hydroquinone with the addition of glycoside, named arbutin, was then developed into a substitute. However, the low skin lightening efficiency of arbutin had always been complained. Subsequently, the development of new skin lightening agents is an urgent need in the cosmetic market. New agents like gallic acid from gallnut and kojic acid from the by-products Figure 5 . NANA and EBN inhibit melanin formation in 3D human skin model Blank control, 20 mM NANA, 1 mg/mL EBN extract and 2% of kojic acid (positive control) were applied either to the inner chambers of trans-well containing the 3D human skin model (keratinocyte side) or culture medium directly (melanocyte side). Macroscopic and microscopic images were captured on day 18 after treatment. (a) Macroscopic images were captured by the top view (keratinocyte side), (b) while microscopic images were captured by inverted microscope under 100× magnification (melanocyte side). Scale bar = 100 µm, n = 3. of Japanese rice wine (i.e. Sake) were developed for their skin lightening functions [24] . However, the mechanisms of tyrosinase inhibition of gallic acid and kojic acid is still under investigation. Here, we discovered that NANA could be a potential new skin lightening agent. Firstly, NANA is derived from natural source. Secondly, the skin lightening efficiency of NANA is comparable to known skin lightening agents. Lastly, the inhibition mechanism of NANA on tyrosinase activity is different from the inhibition mechanism of hydroquinone and arbutin (competitive inhibition). In addition, the chemical structure of NANA is different to other skin lightening agents, i.e. a phenolic ring was replaced by a glucose ring. Thus, NANA should have a high potential to be developed into a new skin lightening agent.
